Abstract. Our knowledge of the major mechanisms underlying the effect of food on drug absorption allows reliable qualitative prediction based on biopharmaceutical properties, which can be assessed during the pre-clinical phase of drug discovery. Furthermore, several recent examples have shown that physiologically based absorption models incorporating biorelevant drug solubility measurements can provide quite accurate quantitative prediction of food effect. However, many molecules currently in development have distinctly sub-optimal biopharmaceutical properties, making the quantitative prediction of food effect for different formulations from in vitro data very challenging. If such drugs reach clinical development and show undesirable variability when dosed with food, improved formulation can help to reduce the food effect and carefully designed in vivo studies in dogs can be a useful guide to clinical formulation development. Even so, such in vivo studies provide limited throughput for screening, and food effects seen in dog cannot always be directly translated to human. This paper describes how physiologically based absorption modeling can play a role in the prediction of food effect by integrating the data generated during pre-clinical and clinical research and development. Such data include physicochemical and in vitro drug properties, biorelevant solubility and dissolution, and in vivo pre-clinical and clinical pharmacokinetic data. Some background to current physiological absorption models of human and dog is given, and refinements to models of in vivo drug solubility and dissolution are described. These are illustrated with examples using GastroPlus™ to simulate the food effect in dog and human for different formulations of two marketed drugs.
INTRODUCTION Prediction of Pharmacokinetics with Physiologically Based Models
A key task for pre-clinical research is the prediction of human pharmacokinetics for compounds entering clinical studies. While empirical methods such as allometric scaling are still widely used, they often result in large prediction errors, and this has led several groups to explore physiologically based modeling approaches. Physiologically based pharmacokinetic models (PBPK) represent the whole body physiology by a series of linked equations with model parameters corresponding to measurable quantities such as blood flow rates and tissue volumes. In addition, these models can incorporate in vitro data relevant to drug absorption, distribution, metabolism, and elimination and scale them to the in vivo situation. Recently, several groups have reported that PBPK models deliver more accurate predictions than allometry (1) (2) (3) .
Physiologically Based Models of Drug Absorption and Prediction of Food Effects
Most drugs are given orally, and so, it is important to have PBPK models of absorption from the gastrointestinal (GI) tract. These models need to account for the impact of food on the GI tract physiology, drug dissolution, and drug permeation. Mechanisms by which food can change drug absorption are well understood. Increased systemic exposure with food is often seen for lipophilic drugs and is attributable to improved solubilization due to higher bile salt and lipid concentrations. Negative food effects are mostly seen for hydrophilic drugs where food impedes permeation (4) . Thus, qualitative prediction of food effect is often possible based solely on the Biopharmaceutical Classification System (BCS) class of the drug (5), and Gu was able to categorize 80% of a set of 92 drugs as having negative, positive, or no food effect based simply on their dose, solubility, and permeability (4) . Quantitative prediction of food effect has been shown with PBPK models. Jones (6) incorporated biorelevant solubility data into the GastroPlus™ absorption model to predict plasma profiles in fed and fasted humans for six diverse molecules, and more recent studies have confirmed the usefulness of this approach (7, 8) .
Pre-clinical In Vivo Models for Food Effect
In vivo studies in animals constitute a useful tool to explore the influence of formulation changes on food effect. The dog is generally considered to be the best species for such studies since solid oral dosage forms designed for human can be administered and canine food composition can be similar to human meals (9) . However, physiological differences between dog and human such as those in gastric pH, gastric emptying, and intestinal transit time can result in differences in food effect. Furthermore, if dog studies are to be predictive for human, very careful design of the experimental protocol is essential. This was shown in a study where adjustment in the amount and type of food and lowering of gastric pH with intramuscular doses of pentagastrin was necessary in order to establish a quantitative correlation of dog and human fed/fasted exposure ratios for a set of nine drugs (10) .
Strategy for More Reliable Quantitative Prediction of Food Effect and the Influence of Formulation on Food Effect
For many molecules in development, reliable quantitative prediction of the impact of formulation on food effect remains challenging and a recent review paper concluded that no single model is universally applicable (9) . In this paper, we describe how physiologically based absorption models can play a role in advancing quantitative food effect predictions. This is achieved by integrating various predictive data, including physicochemical drug properties, in vitro data, biorelevant dissolution data, and in vivo study results. A strategy is proposed where absorption models of dog and human are developed in parallel, and importantly, verification of model assumptions is performed by comparing simulations to the food effect measured in carefully designed in vivo dog studies. A good match of simulated and observed plasma concentrations in the fasted and fed dog should indicate that the model captures the mechanisms responsible for food effect and allow a reliable prediction for human. A mismatch of simulation with in vivo data in dog may indicate model misspecification or incomplete input data and require further experimental work or model refinement before reliable prediction in man is possible. This strategy adds value to the use of in vivo dog studies alone since PBPK models allow consideration of differences in dog and human physiology as well as in pharmacokinetics, biorelevant solubility, and permeability. The potential of this approach is illustrated with two examples based on literature data where food and formulation effects were reported in dog and human.
MATERIALS AND METHODS

The ACAT Model
GastroPlus™, based on Yu and Amidon's compartmental absorption and transit (CAT) model (11) , was the first physiologically based absorption model to be produced as a commercial software tool. Simulations Plus (www.simula tions-plus.com) extended the CAT model with features such as pH-dependent solubility and permeability and added a user-friendly interface. They renamed the new model the Advanced CAT or ACAT model (12) . The theoretical basis and mathematical description of the CAT model is provided in detail in several papers from Yu (13) (14) (15) , and further details of extensions made in the ACAT model are given in a paper from Simulations Plus (12) and in a book chapter (16) . Briefly, the ACAT model of the human gastrointestinal tract comprises nine compartments linked in series, with the first compartment representing the stomach and subsequent compartments corresponding to duodenum, jejunum (two compartments), ileum (three compartments), cecum, and ascending colon. Compartment properties are set according to published data on the pH, volume, and permeability characteristics of the corresponding intestinal region. Transit of drug material between the compartments is modeled as a first order process with the transit time for each compartment based on the physiological value for the corresponding region. For each drug simulated, compound-specific input data for solubility, permeability, logP, pK a , particle size, and dose are fed into models of dissolution and absorption. For dissolution, a model based on the Nernst-Brunner modification of the Noyes-Whitney equation is implemented. Absorption across the gastrointestinal mucosa is determined by the permeability of the drug in that particular region and by the concentration gradient across the intestinal membrane. The models for estimation of regional permeability and solubility are described below.
Physiologically Based ACAT Models of the Human GI Tract
The default GastroPlus™ human physiological models for fasted and fed states are given in Table I . The pHs, lengths, transit times, and radii for all compartments are based on published values (17, 18) . Regarding pH, the effect of food is to increase considerably the stomach pH, while that in the upper small intestine is slightly lowered. It should be noted that the values in these standard GastroPlus™ fasted and fed-state models represent a time average of properties, which actual vary considerably after meal ingestion (19) . The volume of fluid in human intestines was set at 40% for the small intestine and 10% for the colon based on measurements made by Schiller (20) .
Physiologically Based ACAT Models of the Dog GI Tract
Data published by Yildiz (21) was used to define the regional description and dimensions of the gut physiology for dog (Table I) . As the published dimensions were based on a 28 kg Turkish shepherd dog, these were scaled down proportionally to be appropriate for a 10 kg Beagle dog, which is more commonly used in pre-clinical studies. The resulting model for beagle dog was found to be in good agreement with the limited data available on beagle physiology (22) . As the dog has a proportionally longer jejunum and shorter ileum than human, four compartments were assigned to the jejunum in dog compared to two compartments in man, allowing a more equal balance of compartmental transit times. Small intestine transit time in dog is about half that in human (18, 23) , and the substantially shorter large intestine in this species was set to match the total gastrointestinal transit time of 6-8 h reported for beagle dogs (22) . The pH in different regions of the dog GI tract was based on data taken from a number of sources (24, 25) . In particular, fasting stomach pH of dogs differs from that in humans. Bueno (24) observed that the mean antral pH is 5.8 for half the recording time in fasted dogs due to regurgitation of duodenal contents into the antrum. However, it has also been reported that dosing of placebo capsules causes a decrease in gastric pH in fasted dogs (26) . Considering this, a value of 3 is used in the fasted dog model, although it should be noted that pH is extremely variable in dog stomach. In contrast, intestinal pHs in dog were recently shown to be very similar to human values (27) and the dog ACAT model reflects this. No published data on the volume of fluid in dog intestines could be found, and so, these were set equal to the human values.
Prediction of In Vivo Solubility
GastroPlus™ calculates regional solubility based on fraction of drug ionized at each compartmental pH according to the Henderson-Hasselbalch relation. This model has been described by Hendriksen (28) who showed that, to simulate absorption reliably for weak bases, it is essential to have at least two measured values of solubility to characterize adequately the solubility versus pH curve. Furthermore, Bergstrom (29) measured pH-dependent solubility profiles for 25 amines in phosphate buffer and found that the slope of the pH-dependent solubility profile often differed from that calculated with the Hendersson-Hasselbalch equation. Therefore, to achieve the most accurate simulations for drugs with pK a values in the physiological range, measured data characterizing the solubility changes should be used to calibrate the pH dependence of solubility.
A further complication in estimation of relevant in vivo solubility is the presence of bile salts and lipids in the intestinal fluids, which can change the solubility compared to that in aqueous buffers. Several studies have shown the importance of biorelevant solubility measurement in media such as fastedstate simulating intestinal fluid (FaSSIF) for accurate simulation of absorption of very lipophilic drugs (6, 30, 31) . Recently, further advances have been made to develop media reproducing the changes in upper intestinal tract due to food (32) and to represent the time dependent changes, which occur after meal intake (33) . In this paper, we have explored an extension of the GastroPlus™ solubility model based on the hypothesis that, for drugs where biorelevant solubility differs significantly from aqueous solubility, it is appropriate to account for the different bile salt concentrations in different intestinal regions. Previous studies have shown the importance of solubility measurements in biorelevant media for the large intestine (6) . However, such detailed measurements are often not made, and so, we developed an approach for scaling of a single jejunal solubility to estimate solubility in other regions of the GI tract. In human, 95% of released bile salts undergo enterohepatic circulation (18) with the majority of the re-absorption occurring in the ileum via the apical sodium dependent bile acid transporter (34) . We performed simulations of the human luminal bile acid concentrations at steady state based upon known human fed-state bile flow and bile salt concentrations taken from Zwart (18) . Due to lack of quantitative data on the distribution of transporter throughout the small intestine, we assumed that 70% of re-absorption occurs in the two terminal ileum compartments. Although the accuracy of this assumption was uncertain and measurements of human bile salt concentrations in different intestinal regions are limited and variable (35), we found that the profile of regional bile salt concentrations obtained was in good agreement with measured regional concentrations of bile acids in the rat (36) , which show a maximum in the upper jejunum and fall off steadily toward the large intestine. As the typical biorelevant media are designed to represent the situation in the upper jejunum (33), we estimated the solubility in other intestinal regions by scaling down the jejunal solubility accounting for the lower concentrations of bile salt. Reasonable prediction of the solubility enhancement of neutral drugs due to bile salts has been demonstrated based on drug lipophilicity (37, 38) . We applied the relationship published by Glomme: Log(SR)=0.74.logP+ 2.01 (n=14; r 2 =0.95; SD=0.26), where SR is the solubilization capacity of the compound per mol of bile salt divided by the solubilization capacity per mole water, and logP is the octanol/ water partition coefficient.
Prediction of Precipitation In Vivo
For poorly soluble weak bases, the increase in pH on moving from the stomach to the small intestine is expected to result in lower solubility, and so, there is a possibility of precipitation. Kostewicz devised a transfer model to measure this precipitation when a solution of drug in simulated gastric fluid was continuously pumped into simulated intestinal fluid (39) . It was found that, for three diverse bases, precipitation occurred only under simulated fasted-state conditions, whereas under simulated fed-state conditions, the higher concentrations of bile and the lower pH value in the acceptor medium inhibited precipitation. To model precipitation in GastroPlus™, a mean precipitation time parameter represents the time for particles to precipitate once a supersaturated state is achieved. Based upon the data measured for transfer into FaSSIF, mean precipitation times of 900 to 2,500 s seem to be realistic for the fasted state.
Prediction of Dissolution Rate In Vivo
Dissolution in GastroPlus™ is calculated with a diffusion layer model based on the Noyes-Whitney equation.
where M D and M U are the dissolved and undissolved amount, respectively, D is the diffusion coefficient of a drug molecule, ρ is the density of the drug particle, r is the current spherical particle radius, h is the diffusion layer thickness, Cs is the solubility, Cl is the drug concentration in the lumen, and s is a particle shape factor (defined as length/diameter; for spherical particles s=1). For drugs where the in vivo solubility is significantly higher than aqueous solubility, it has been shown that dissolution rate may be over-predicted by this equation (40), possibly because the diffusion of a drug-containing bile salt micelle is slower than that of a free drug molecule. In this case, a modification of the diffusion coefficient to reflect the slower diffusion of bile salt/lecithin aggregates may be appropriate (41) . Alternatively, if measured data for dissolution in biorelevant conditions are available, they may be incorporated directly in GastroPlus™ as tabulated release versus time profiles.
Prediction of Intestinal Permeability
Human jejunal permeability values measured with in vivo perfusion are available for relatively few drugs (42) . Approaches to predict the human jejunal permeability of novel molecules include computer models based on in silico properties derived from chemical structure (43) and correlation methods where in vitro values for selected reference drugs are used to build a relationship to the in vivo values for those drugs. This relationship is then used to transform permeability measured in vitro for novel molecules (7) . The modeling of passive absorption from each compartment is further complicated by regional permeability changes. These are due to the changing mixture of trans-and paracellular transport, changing surface area with different dimensions and density of villi and microvilli, and varying drug ionization with different regional pH. GastroPlus™ provides a logD model, which scales regional permeability so that effective permeability decreases as the ionized fraction of a compound increases. This model was optimized by Simulations Plus to reproduce fraction of dose absorbed for a set of drugs where measured human or rat permeability values are available. The logD model was used in the current study for simulations of both dogs and humans. Transporter effects on regional permeability are not considered here. Dog is believed to have a higher permeability compared to human, and GastroPlus™ accounts for this by adjusting the permeability to be roughly threefold higher than in man (personal communication-Dr. G. Amidon).
RESULTS AND DISCUSSION
Properties of the Studied Drugs
The modeling described here applies the human and dog ACAT models described in Table I based on the physicochemical inputs listed in Table II . Any changes made to models or inputs in order to simulate specific in vivo data are mentioned.
PBPK Absorption Modeling of the Food Effect for Theophylline
Theophylline is a methylxanthine drug, which has been used in the treatment of asthma and chronic obstructive pulmonary disease for over 60 years. It has a narrow therapeutic range, and since immediate release dosage forms produced large fluctuations in plasma concentrations, controlled release formulations were developed to maintain steady-state concentrations within a narrower range. Theophylline is hydrophilic and weakly acidic and exhibits good solubility and permeability, resulting in complete absorption of an orally administered solution (44) .
To model the disposition pharmacokinetics in the dog, the mean of plasma concentration versus time profiles obtained after intravenous dosing at 10 mg/kg to 12 dogs (45) was used. A one compartment model with a volume of 0.73 L/kg and a clearance of 0.91 L/h gave a good fit to this data, and as this clearance is very low compared to hepatic blood flow in dog, the first pass effect was assumed to be negligible. Aqueous solubility and permeability inputs for the absorption model were taken from Roche databases. The permeability value, measured in Caco-2 cells, was scaled to human effective jejunal permeability using an in-house correlation based upon reference drugs (46) . GastroPlus™ was used to simulate plasma concentrations in dogs dosed orally with immediate and controlled release formulations as obtained from a study of Cook (47) . Cooks' data were measured in six healthy female beagle dogs. Each dog received 200 mg of theophylline under fasting and fed conditions in a two-way randomized crossover study. In the non-fasting state, a homogenized, standardized human highfat meal was offered to the dogs 15 min prior to dosing. In vitro dissolution data for the controlled release formulation was measured in 0.05 M phosphate buffer at pH 6.6 using USP apparatus I at 37°C with a stirring rate of 100 rpm. Permeability (51) Dissolution data were incorporated into GastroPlus™ as a tabulated release versus time entry. Simulation of the immediate release anhydrous formulation showed that the reduced Cmax and later Tmax in the fed state were due to delayed gastric emptying. The best match of simulation to observations was achieved when the fed-state gastric emptying time was extended from the default 1.5 to 3.5 h (Fig. 1) , a change which is justified by the large and high fat content of the canine meal in this study. Simulation of a controlled release formulation was performed by changing to the controlled release dispersed dosage form in GastroPlus™ and incorporating the in vitro dissolution data, which showed a slow release of drug over 18 h. Interestingly, the observed reversal of the immediate release food effect was matched by the simulation. With controlled release, Cmax was higher with food ( Fig. 1) . Investigation of the cause of this effect with the model showed that for the immediate release formulation, all drug is dissolved in the stomach and absorption occurs very rapidly in the duodenum and jejunum on stomach emptying. Thus, Cmax is higher in the fasted state since faster gastric emptying provides more drug for rapid absorption. In contrast, with the controlled release formulation, slowed dissolution means that only a small fraction of drug can dissolve during the short time of fasted-state gastric residence. However, in the fed state, longer gastric residence allows more time for drug to dissolve, and the Cmax is higher even though Tmax is later due to the slower emptying rate. The food effect seen in man for the controlled release formulation (47) was similar to that seen in dog, and this was also reasonably matched by simulations with the default GastroPlus™ models for human fed and fasted physiology (Fig. 1). (Human disposition pharmacokinetics was modeled based on data taken from (48).)
PBPK Absorption Modeling of the Food Effect for Aprepitant
Aprepitant is a poorly soluble, lipophilic drug, approved for prevention of chemotherapy-induced nausea and vomiting. An early clinical tablet formulation containing 100 mg of micronized drug showed a threefold higher area under the plasma curve (AUC) when given with a high-fat breakfast, and this food effect was even more pronounced at a dose of 300 mg (49) . Subsequent studies in the dog showed a similar quantitative food effect when the same formulation was dosed at 2 mg/kg. Mechanistic and screening studies in the dog were helpful in guiding development of a nanoparticle formulation, which successfully reduced the food effect and subsequent clinical studies with final market capsules based on nanoparticles showed only a small food effect (1.2-fold) (50). Kesisoglou (8) has described GastroPlus™ modeling of Aprepitant in dog and human based on measured solubility in human biorelevant media for fasted and fed state and on permeability measured in Caco-2 cells. In that study, a positive food effect was predicted in both species, although the Cmax in the fed state was over-predicted, which was presumed to be due to an over-estimation of dissolution rate. A dissolution rate slower than predicted by the default Noyes-Whitney model in GastroPlus™ was confirmed by a study of Takano (31). Takano measured dissolution for particles of 5-μm diameter in biorelevant FaSSIFdog medium (containing 5 mM bile salts) and fit a Noyes-Whitney model to the in vitro dissolution versus time data to estimate the composite parameter z (z=3D/phr, see Methods for the Noyes-Whitney model in GastroPlus™). We compared this z value with the value computed in GastroPlus™ based on in silico estimates of diffusion coefficient, D (0.65×10E−5 cm/s), drug density, p (1.2 g/mL), particle radius r, and diffusion layer thickness h (set equal to r). The default GastroPlus™ model was leading to a 21-fold over-estimation of initial dissolution rate, and so the diffusion coefficient in our model was reduced so that z corresponded to the measured value. Takano also measured Aprepitant equilibrium solubility in phosphate buffer (0.8 μg/mL) and in FaSSIFdog medium (21 μg/mL). This big increase in in vivo solubility indicates a strong dependence of solubility on bile salt level, and so, we generated a solubility profile based on regional bile salt concentration ratios (see "Materials and methods" section). For fasted state, the FaSSIFdog value was used in the upper jejunum, while in the fed state, the measured value for fedstate simulating human intestinal fluid (FeSSIF) of 119 μg/mL was used. No measured values for biorelevant stomach solubility were found, and so, 25 μg/mL was used in both fasted and fed states (Fig. 2) .
A permeability value of 7.85×10E−6 cm/s was measured in Caco-2 cells by Wu (49) . Takano (31) obtained a similar Caco-2 value of 2.1×10E−5 cm/s but argued that this is not representative of the in vivo situation due to differences in unstirred water layer in vitro and in vivo and used a higher calculated value of 11×10E−4 cm/s for simulations (40) . For our model, we applied the in silico model for human permeability in ADMET Predictor (51) , which estimated human permeability as 3×10E−4 cm/s.
Plasma concentration measurements obtained after an intravenous dose are needed to characterize accurately the disposition in the dog. However, such data could not be found, and so, an estimate was made by fitting a twocompartment disposition model to the plasma profile measured after oral dosing of the nanoparticle formulation assuming complete absorption and negligible liver first pass (which is supported by the high absolute bioavailability of a solution dose (31) ). The estimated clearance was low at 1 L/h and volume of distribution was 1.5 L/kg. The uncertainty of an estimation of disposition pharmacokinetics in this manner is acknowledged and should normally be addressed by measuring concentrations after an intravenous bolus dose ideally in the same dogs used for the oral studies.
Wu measured plasma concentrations after oral administration of a suspension of 5.5 μm particles (in 0.5% methylcellulose in water with 0.02% sodium dodecyl sulfate) to five fasted, male beagle dogs at a dose of 2 mg/kg. Our simulations for the suspension matched the observed data only when using the regional solubility profile. The adjustment to account for reducing levels of bile salts proved to be important for realistic simulations since simulated absorption from distal jejunum, ileum, and large intestine was much higher when solubility was left unchanged and resulted in a significant over-prediction of plasma concentrations (Fig. 3) . Wu measured the food effect for both the micronized suspension and the nanoparticle formulations at 2 mg/kg. The fasted dogs were without food or water overnight prior to each study day, while fed dogs ate 374 g of dog food containing 55% of total calories from fat, approximately 30 min prior to dosing. To model the fed-state absorption for such a large and fatty meal, an extension of the gastric emptying time to 3.5 h was made. The simulations matched well the food effect with a 2.7-fold increase in AUC predicted with food for the micronized formulation (3.2 observed) and no change in AUC for the nanoparticle formulation (Fig. 4) .
Majumdar reported on a clinical food effect study with a final market formulation of Aprepitant. Capsules (125 mg) were dosed in the fasted state and after a standard breakfast. Disposition pharmacokinetics in man was modeled with a two-compartment model fit to plasma levels measured after an intravenous dose. The clearance was low at 3.7 L/h and volume of distribution was 1 L/kg. Simulations of the fed and fasted-state profiles in man used the same model adjustments as had been applied in modeling the dog data. The regional solubility profiles were adjusted to account for reduced bile salt levels, but in the fasted state, lower solubilities were used since the measured solubility in FaSSIF for human (8) was lower (6 μg/mL) than had been reported for dog. As for dog, the solution dosage form was used to model the nanoparticle formulation (Fig. 5 ).
CONCLUSION
Predictions of food effect can be useful throughout the drug discovery and development process. The required accuracy depends on how far a molecule has advanced. During early phases, molecules likely to show significant positive or negative changes in pharmacokinetics with food can be recognized simply based on biopharmaceutical properties. For such molecules, once biorelevant solubility measurements are made, a more quantitative estimation of the magnitude of changes with food is possible via incorporation of these data into PBPK models (6,52). However, many molecules reaching clinical trials have distinctly sub-optimal biopharmaceutical properties and show quite large food effects. If this is a hindrance to development, advanced formulation efforts are necessary to reduce the food effect, and in vivo studies in the dog are the most commonly used tool for such formulation optimization. In vivo screening in the dog can result in successful clinical formulations (49) , although physiological and biochemical species differences between dog and man can result in misleading predictions of clinical food effect (53) .
Physiologically based absorption modeling can play a role in the prediction of food effect for drug formulations by integrating in vitro biorelevant dissolution data as has been illustrated here for two drugs showing very different biopharmaceutical properties. Theophylline is a BCS class 1 drug, and the food effect for immediate and controlled release formulations was well simulated by the GastroPlus™ models of dog and human. On the other hand, simulations for Aprepitant, a BCS II drug, were more challenging. Like many molecules currently reaching development (54) , Aprepitant is highly lipophilic and has very low aqueous solubility. Accurate simulation for different formulations of this molecule required several changes to the default GastroPlus™ models. Aqueous solubility did not adequately represent in vivo solubility as shown by the measurements in biorelevant media, and furthermore, the measured dissolution rate was much slower than predicted by the Noyes-Whitney model based on default parameter estimates. Together with uncertainty over the relevant permeability value, there was also uncertainty over the changes in permeability and solubility in different regions of the GI tract, factors which were shown to have a considerable impact of the simulation of food effect. Considering these uncertainties, it is clear that direct prediction of the clinical food effect for Aprepitant without prior verification against pre-clinical in vivo data would not be advisable. Rather, PBPK modeling based on in vitro data should proceed in conjunction with in vivo dog studies. In this way, translation of in vitro results to the in vivo situation can be verified, and the known physiological differences between dog and human can be accounted for. Such verification and refinement of the models leads to better understanding of formulation effects and thus more reliable clinical predictions.
In the near future, as more advanced in vitro tests and PBPK models are developed and verified with more molecules, the level of confidence in a priori predictions will increase and models will play an increasing role in the design of formulations to reduce clinical food effect. A model-based approach integrating predictive data from various sources will lead to more reliable predictions, better designed experiments, and better decisions.
